ABSTRACT Host plant resistance and biological control are important components of integrated pest management programs. However, plants expressing resistance to herbivores may also have direct or indirect negative effects on natural enemies simultaneously providing pest suppression. Soybean aphids (Aphis glycines Matsumura) are invasive and serious pests of soybean (Glycine max L.) in the United States. Several soybean lines with aphid resistance have been identiÞed, but the long-term impact of these resistant plants on soybean aphid biological control agents is uncertain. In a previous study, we reported that a soybean aphid parasitoid, Binodoxys communis (Gahan) had lower mummy production on resistant plants compared with a near isogenic susceptible soybean line, but the reason for this was unclear. Therefore, we examined three possible mechanisms to explain these Þndings: 1) resistant plants directly impact wasp emergence and longevity, 2) varying aphid density inßuences parasitism rates, and 3) resistant plants indirectly affect wasp development through reduced aphid longevity. We found that parasitoids in this study were not directly inßuenced by resistant cultivars, as there was no difference in wasp adult emergence or longevity between resistant and susceptible plants. There was also no signiÞcant effect of aphid density on mummy production over the range of aphid densities we tested. However, aphids on resistant plants had signiÞcantly shorter lifespans and were unable to survive long enough to develop into mummies compared with aphids on susceptible plants. We discuss these results and possible implications for integrating biological control and host plant resistance within soybean aphid integrated pest management programs.
Many resistant host plants have direct negative effects on the biology and behavior of insect herbivores. Subsequent impacts on higher trophic levels are more complex, however, and can be positive, neutral, or negative (Groot and Dicke 2002, Harvey 2005) . Resistant plants can directly affect natural enemies through alterations in plant morphology (e.g., waxes, trichomes) that make walking and foraging on the plant difÞcult (Price et al. 1980 , Lovinger et al. 2000 , Eigenbrode 2004 ), or changes in volatiles that parasitoids rely on for searching and host acceptance (Vinson 1976 , Bergman and Tingey 1979 , Schuler et al. 1999 ). In addition, natural enemies could be exposed to potentially harmful phytochemicals or ingest toxins in plant secretions (e.g., in sap, pollen, or extraßoral nectar; Ananthakrishnan 1990 , Dicke 1999 , Groot and Dicke 2002 .
Biocontrol agents also can be impacted indirectly through their herbivore prey. Pest densities or distributions are often altered on resistant plants, which makes it difÞcult for specialists to locate their hosts (Quisenberry and Schotzko 1994) , and can subsequently lower mummy production in densitydependent parasitoid wasps (Mishra and Singh 1991) . Resistant plants can also affect the size, nutritional quality, and development of herbivores (Ode 2006) , which can each potentially inßuence the parasitoid using that herbivore as its host (Lampson et al. 1996 , Bernal et al. 1999 . Parasitoids with high-host Þdelity may be particularly susceptible to changes in host density and quality (Dicke and Vet 1999) .
Resistant plant cultivars are commonly used in integrated pest management (IPM) programs to limit damage from herbivorous insect pests, and there is signiÞcant interest in using them to manage soybean aphids (Aphis glycines Matsumura, Hemiptera: Aphididae). A. glycines is an invasive phloem-feeding pest that frequently causes economic yield loss in soybeans (Glycine max L.) throughout the Midwest (Ragsdale et al. 2007) , and subsequently growers invest considerable Þnancial resources into scouting and pesticide applications (Song and Swinton 2009) . Plant resistance to soybean aphids was Þrst characterized in ÔDowlingÕ , which was later deter-mined to be caused by a single dominant gene named Rag1 (resistance to A. glycines; Hill et al. 2006) . Aphids feeding on plants possessing this gene exhibit reduced development, longevity, survival, and fecundity, regardless of soybean growth stage ). Although several other Rag genes have been identiÞed (Mensah et al. 2005; Hesler and Dashiell 2008; Mian et al. 2008a Mian et al. , 2008b Zhang et al. 2009 Zhang et al. , 2010 Hill et al. 2012; Jun et al. 2012) , judicious management of resistant cultivars is critical to prevent pests from overcoming Rag-based plant resistance. One potential way to reduce the rate of aphid resistance and increase the utility of Rag-based resistant cultivars is by simultaneously using other IPM tactics, such as biological control (Bergman and Tingey 1979 , Gould et al. 1991 , Gassmann et al. 2008 .
In China, natural enemies play a crucial role in soybean aphid management , and pest densities rarely reach the extreme levels seen in North America (Ragsdale et al. 2011) . Although soybean aphids are attacked by several generalist predators and parasitoids in both countries Rutledge et al. 2004; Wu et al. 2004; Landis 2006, 2011; Donaldson et al. 2007; Miao et al. 2007; Gardiner et al. 2009 ), levels of parasitism in China can reach over 10%, whereas levels in North America are usually Ͻ1% (Liu et al. 2004 . Therefore, several parasitoid species have been investigated as potential classical biocontrol agents, and Binodoxys communis (Gahan) (Hymenoptera: Braconidae) was the Þrst species intentionally released into the United States (Wyckhuys et al. 2007 ). However, it is unclear how such soybean aphid parasitoids will be impacted by North American cultivars possessing Rag genes.
Recently, we demonstrated negative effects of a Rag1 soybean cultivar on B. communis in the laboratory, including reduced mummy production, longer developmental times, lower adult emergence rates, and adults with smaller metatibiae (Ghising et al. 2012) . A similar reduction in B. communis mummies was also shown in Þeld plots of Rag1 soybeans compared with susceptible plots (Chacó n et al. 2012) . The objective of this study was to identify the mechanism(s) responsible for lower mummy production on the resistant soybean cultivar, with particular emphasis on the laboratory study. Resistant plants can have several direct and indirect effects on natural enemies (van Emden 1995 , Harvey 2005 , Ode 2006 ), but we chose to investigate three speciÞc hypotheses we believe have the greatest potential of explaining the negative results in our system. SpeciÞcally, we address the following hypotheses: 1) resistant plants have a direct negative effect on the emergence and survival of adult B. communis, 2) formation of B. communis mummies is correlated with host availability, and therefore reduced when aphid density is low (i.e., on resistant plants), and 3) parasitized aphids on resistant plants fail to survive long enough for mummies to form.
Materials and Methods
Plant and Insect Material. Two soybean cultivars were used in the experiments: 1) a resistant soybean variety with the Rag1 gene derived from ÔDowling,Õ ÔDwight,Õ and ÔLodaÕ with RG607RR as the recurrent parent, and 2) a susceptible variety (RG607RR), which is an isoline that lacks the Rag1 gene (see Ghising 2011 for additional details). Both soybean varieties were grown under 25 Ϯ 5ЊC, 60 Ð 80% relative humidity (RH), and a photoperiod of 16:8 (L:D) h. Three seeds of each soybean variety were planted in 12.5 ϫ 10.5 ϫ 10.5 cm plastic pots and were subsequently thinned to one plant per pot before being used in experiments.
Soybean (Wyckhuys et al. 2008b ). They were maintained at 25 Ϯ 2ЊC, 60 Ð 80% RH, and photoperiod of 16:8 (L:D) h. Parasitoid colonies were renewed every 10 d with aphid infested susceptible plants from soybean aphid colony.
Direct Effects of Resistant Plants on Adult Binodoxys communis. To determine whether resistant plants directly inßuence adult B. communis emergence and longevity, we reared mummies on susceptible plants in a colony and then caged individual mummies on either a susceptible or a resistant plant and recorded when wasps emerged and how long they lived as adults on the resistant or susceptible plant. Experimental plants were at the unifoliate growth stage (Þrst pair of unfolded leaves) and watered every other day. The experiment was conducted under greenhouse conditions (25 Ϯ 5ЊC, 60 Ð 80% RH, and a photoperiod of 16:8 [L:D] h). Individual parasitized mummies from the colony (reared on the susceptible variety) were isolated by cutting the leaf tissue surrounding each organism to create small leaf discs just larger than the mummy, which were transferred to the greenhouse in petri dishes lined with moist Þlter paper. To afÞx mummies to experimental plants, a small amount of nontoxic glue (ElmerÕs Products Inc., Westerville OH) was applied to the bottom of each leaf disc and placed singly in the center of the unifoliate leaf (adaxial surface). One clip cage (50 W ϫ 25 H mm with Þne mesh tops) was placed over each leaf disc and supported with heavy gauge wire. Small clip cages were used to increase our ability of successfully Þnd-ing wasps that were either alive or dead. Cages were checked three times a day (08:00, 12:00, 16:00 hours) for 14 d to assess adult parasitoid emergence and death. Dead parasitoids were removed from cages using a Þne paintbrush, preserved in 70% ethanol, and their sex determined using a dissecting microscope.
The longevity of adult parasitoids can be dramatically inßuenced when a sugar source is added to their diet (Wyckhuys et al. 2008a) . Therefore, the experiment was performed twice to cover two types of feeding regimes, one lacking food and water for emerged parasitoids, and one supplying a 1:1 honey water solution on a 5 cm strip of Þlter paper placed in the middle of the cage on the upper unifoliate surface, changed thrice daily with forceps. For the Þrst experiment, we used a completely randomized design with 30 replications of each soybean variety (resistant and susceptible) established across two temporal blocks (60 total). In the experiment with food supplementation, there were 35 replications of each soybean variety that were run simultaneously (70 total).
In both experiments we recorded how many parasitoids emerged successfully and how long each adult parasitoid lived. Within each experiment a contingency analysis ( 2 ) was used to determine how plant treatment (resistant or susceptible) inßuenced parasitoid emergence from mummies (JMP 2010). Analysis of variance (ANOVA) was used to determine whether plant cultivar or sex of the adult wasp inßuenced how long adults lived after emergence (JMP 2010). In the Þrst experiment a blocking variable was added to account for the temporal factor. Because the experiments with different feeding regimes were run at different times we did not make direct statistical comparisons between the experiments, but instead focused on the effects of resistant versus susceptible plants for each experiment.
Functional Response of Binodoxys communis to Aphid Density. We ran a short term functional response study to determine if the density of aphids available to parasitize inßuences mummy production on susceptible plants. Because we are primarily interested in knowing whether aphid density could have been a driving mechanism behind the results of our previous work (Ghising et al. 2012) , we chose a relatively small range of aphid densities (5Ð50 per plant) and a fairly short exposure period for the wasps (4 h).
To establish the density treatments, 5, 10, 20, 30, 40, or 50 late second or early third instar A. glycines were carefully transferred to the unifoliate leaves (adaxial surface) of a susceptible soybean plant (V2 growth stage) using a small paintbrush. There were eight replicates of each density treatment, which were set-up across two temporal blocks (48 total). Cylindrical cages (20.3 W ϫ 42.5 H cm) with a Þne mesh covered top were placed over plants and aphids were left undisturbed for 24 h. To minimize disturbance to the aphids and maintain the experimental protocol of the previous experiment, we did not manipulate aphid density to reach the exact initial number. Instead, aphid density was assessed just before the experiment began to quantify the exact number of aphids present when parasitoids were introduced into cages. The number of aphids after 24 h was the independent variable used in the experiment and it was highly correlated with the number of aphids originally placed on plants (R 2 ϭ 0.89). Parasitoids used in experiments were collected by isolating mummies from the colony and placing each one into a clear gelatin capsule (size zero) within a 1.5 ml microcentrifuge tube. After adults emerged, a single male and female were paired together in a glass vial (4 dram) with a moistened plaster of Paris base. Cotton balls soaked in a 4:1 honey water solution were used to plug vial openings and provided parasitoids with nourishment. Females were allowed to mate for 24 h and then one female was introduced into each experimental cage using a small paintbrush. Female wasps were removed 4 h later using a hand-held aspirator. Plants were checked for mummies twice daily for 12 d beginning 3 d after parasitoid exposure, and all mummies encountered were removed. The experiment was completed after day 15 to ensure all mummies counted were from the original parasitoid and not subsequent offspring.
A general linear model was used to test the relationship between aphids available to sting and the number of mummies produced on a plant (JMP 2010). The model included density of available aphids as a continuous variable and a categorical temporal blocking variable. The analysis was performed twice, once with all of the data points and once that only included data from plants where at least one mummy formed (to ensure the analysis was not skewed by female wasps that were uninterested or unable to successfully attack aphids). Additional standard functional response models were tested, but because there Þt was inferior to the linear model, we only report the results of the linear relationship.
Understanding the Fate of Individual Aphids. We conducted a laboratory experiment to determine if aphids on resistant plants die before successful mummy formation. To do so we recorded life history parameters (aphid longevity and time to mummy formation) of parasitized and nonparasitized aphids placed on resistant and susceptible plants.
We tried to ensure that aphids used in the experiment were successfully parasitized by observing wasps sting aphids in experimental arenas. In other aphidparasitoid systems inserting the ovipositor does not necessarily lead to successful oviposition inside the host aphid (e.g., Ives et al. 1999 ), but observing attacks can often increase the likelihood that the aphid was successfully stung compared with other methods intended to experimentally induce parasitism, such as simply mixing large numbers of wasps and aphids. Adult female B. communis were collected from soybean leaves in the colony and placed individually into 9 ml glass vials (60 ϫ 15 mm) with a single drop of a 1:1 honey water solution on the lid. Each arena was composed of a susceptible unifoliate leaf (abaxial side up) cut to cover the bottom of a 50 mm petri dish lined with moist Þlter paper. A single third to fourth aphid instar (identiÞed using Hodgson et al. 2005 ) was placed into each arena and allowed to establish for 10 min. Then two female parasitoids were released from their glass vials onto the petri dish lid, which was placed over the individual aphid within the petri dish. The arena was visually monitored with the aid of a dissecting microscope until one of the wasps stung the aphid (inserted its ovipositor into the aphidÕs body), after which both wasps were removed. If the aphid was not stung after 20 min, the aphid was discarded and a replacement was established in the arena. Because of limited numbers of adult parasitoids, each set of wasps was used to sting two aphids with each cultivar randomly receiving one of the two aphids.
Within 20 min of being stung, each aphid was carefully transferred with a paintbrush to a unifoliate leaf (adaxial surface) of either a resistant or susceptible plant (unifoliate growth stage, grown as detailed above). A 25 W ϫ 20 H mm clip cage covered in Þne mesh was placed over the aphid and supported with metal wire. Nonparasitized control aphids were established by placing a single third to fourth instar aphid in an identical experimental arena, allowing it to establish for 30 min (to mimic the amount of time parasitized aphids established and spent in the experimental arena), and then transferring it using the same methods to a clip cage on a single unifoliate leaf of a susceptible or resistant plant. Because our primary focus was on mummy formation, we purposefully established more stung aphids than the nonstung controls. Plants with caged aphids were kept at 20 Ϯ 5ЊC, 60 Ð 80% RH, and a photoperiod of 16:8 (L:D) h and watered every 3 d. Plant location within this environment was completely randomized. Aphids were checked once daily for death, mummiÞcation, and wasp emergence until all aphids had died or became mummies (26 d). If present, offspring were removed daily, and any aphids we could not Þnd for three consecutive days were considered missing and removed from analysis. After accounting for aphids that were accidentally killed or went missing, we were left with 43 stung aphids on resistant plants, 40 stung aphids on susceptible plants, 29 control aphids (not stung) on resistant plants, and 25 control aphids on susceptible plants.
Analyses that compared the time to death or the time to mummy formation were performed with ANOVA (JMP 2010), with a blocking variable included to account for the temporal block and squareroot transformed response variables. Analyses on count data (e.g., number of aphids that became mummies or died) were performed with a contingency analysis ( 2 ) (JMP 2010).
Results

Direct Effects of Resistant Plants on Adult Binodoxys communis.
In the experiment where adult wasps were not fed, a total of 43 wasps emerged from 60 mummies (11 males and 11 females on resistant plants and 11 males and 10 females on susceptible plants) and there was no signiÞcant difference in emergence between resistant and susceptible plants (emerged/ mummies: 22/30 resistant vs. 21/30 susceptible; 2 ϭ 0.08; P ϭ 0.77). Longevity of adult wasps was not signiÞcantly affected by plant treatment (28.3 Ϯ 2.8 h resistant vs. 28.7 Ϯ 2.1 h susceptible; F ϭ 0.91; df ϭ 1, 39; P ϭ 0.76; Fig. 1 ). However, there was a marginally signiÞcant effect of wasp sex on longevity across both plant treatments, with males living slightly longer than females (31.8 Ϯ 3.3 h males vs. 25.9 Ϯ 1.6 h females; F ϭ 2.8; df ϭ 1, 39; P ϭ 0.10).
When wasps were continuously given honey water there were again no signiÞcant differences in wasp emergence between resistant and susceptible plants (26/35 resistant vs. 25/35 susceptible; 2 ϭ 0.07; P ϭ 0.79). Adult wasps lived for several days when provided with food, however, there was no signiÞcant effect of plant treatment on longevity (91.2 Ϯ 9.6 h resistant vs. 100.8 Ϯ 9.6 h susceptible; F ϭ 0.47; df ϭ 1, 48; P ϭ 0.50; Fig. 1 ). As before, there was a trend for males to live slightly longer than females, but the results were not signiÞcant (103.2 Ϯ 7.2 h males vs. 84.0 Ϯ 9.6 h females; F ϭ 2.15; df ϭ 1, 48; P ϭ 0.15). Functional Response of Binodoxys communis to Aphid Density. Although there was a slight trend toward more mummies being produced on plants with more aphids, there was not a signiÞcant relationship between the number of aphids available to parasitize and the number of mummies (R 2 ϭ 0.04; F ϭ 1.8; df ϭ 1, 45; P ϭ 0.19; Fig. 2 ). However, there were 23 plants where no mummies formed. There are several possible reasons why mummies did not form that are unrelated to the experimental treatments. Therefore, we analyzed the data again but only with plants where at least one mummy was found. With the remaining 25 plants we again saw a weak, positive, but nonsigniÞcant relationship between the number of aphids available to parasitize and mummy density (R 2 ϭ 0.04; F ϭ 0.91; df ϭ 1, 22; P ϭ 0.35; Fig. 2) .
Understanding the Fate of Individual Aphids. We designed this experiment to include two important comparisons we expected to occur based on previous results. The Þrst comparison veriÞed that control (nonstung) aphids on resistant plants died more rapidly than control aphids on susceptible plants (mean Ϯ 1 SE; 3.03 Ϯ 0.59 d vs. 12.68 Ϯ 1.26 d; F ϭ 53.9; df ϭ 1, 50; P Ͻ 0.0001). Secondly, stung aphids placed on resistant plants were much less likely to produce mummies than stung aphids on placed on susceptible plants (0/43 vs. 21/40; 2 1 ϭ 38.5; P Ͻ 0.0001). To better understand the reason behind this differential mummy production we looked at the fate of aphids over the duration of the experiment (Fig. 3) . Looking at stung aphids that died during the experiment without forming a mummy, we found that the ones on resistant plants died more quickly than those on susceptible plants (2.65 Ϯ 0.13 d vs. 9.16 Ϯ 1.37d; F ϭ 47.2; df ϭ 1, 58; P Ͻ 0.0001). Stung aphids on resistant plants also died faster than the time it took for mummies to form (all mummies were on susceptible plants; 2.65 Ϯ 0.13 time to death on resistant plants vs. 7.00 Ϯ 0.22 time to mummy formation; F ϭ 258.3; df ϭ 1, 60; P Ͻ 0.0001). In fact, by the time the Þrst mummy formed in our experiment (day 6), there were no stung aphids still alive on resistant plants (0/43), whereas over 75% of stung aphids on susceptible plants were still alive (33/40) ( 2 1 ϭ 74.5; P Ͻ 0.0001).
Discussion
Resistant host plants can negatively affect parasitoids directly or indirectly in a variety of ways, but there were three mechanisms we felt were most likely to explain the dramatic reduction in mummy production on soybeans with the Rag1 resistance gene seen in our previous laboratory experiment (Ghising et al. 2012) . Generally, those mechanisms were: direct negative effects to wasp Þtness, changes to aphid density that altered mummy production, and indirect negative effects to wasps via deleterious effects on aphid hosts.
If B. communis were directly harmed by the resistant plant they may have attacked fewer aphids, thereby forming the pattern of fewer mummies on resistant plants compared with susceptible plants. Previous work with Rag1 soybeans and a predatory coccinellid found that the predatorÕs longevity decreased when it foraged on a resistant plant compared with a susceptible plant (Lundgren et al. 2009 ). However, in this study we found no effect of plant resistance on adult wasp longevity. Our results held for both starved wasps that died quickly and for fed wasps that were longer-lived, which presumably would have given them more exposure to anything harmful associated with resistant plants. These results were not entirely unexpected, as the primary differences between susceptible and resistant (Rag1) plants appear to be related to internal plant chemistry (Li et al. 2008 , Chiozza et al. 2010 ), which may not manifest unless the plant is fed on by an herbivore such as the soybean aphid (Li et al. 2008) or potentially a more omnivorous insect (Lundgren et al. 2009 ).
Alternatively, the lower mummy density on resistant plants could be because the initial density of hosts available to parasitize was smaller than the number of hosts present on susceptible plants. Host densities and their distributions are often altered on resistant plants (Quisenberry and Schotzko 1994) , and parasitoids may base some oviposition decisions on host densities (e.g., White and Andow 2005) . In the soybean system, aphid density seems to play an important role in mummy production and may account for or interact with effects of resistant soybean plants (Chacó n et al. 2012) . Although there was a trend toward producing more mummies at higher aphid densities, in this study the nonsigniÞcant difference in mummy production based on density was insufÞcient to explain our previous results. However, we are not implying that host density never inßuences aphid parasitization by B. communis, only that it did not seem to play an important role in this study, which was speciÞcally designed to match the size and extent of the previous laboratory experiment we were trying to better understand. Effects of density on parasitism rates can change depending on the experimentÕs temporal (e.g., reviewed in Kratina et al. 2009 ) and spatial scale (e.g., Schooler et al. 1996) . Moreover, complicated functional response patterns may look simpler if only a particular range of available hosts is studied.
Our Þnal set of experiments investigated whether developing parasitoids were negatively affected by the resistant plants via changes to the host aphid. One of the effects of Rag1 plants on soybean aphids is a reduction in aphid longevity ). This could be critical for B. communis success because it is a koinobiont endoparasitoid, which means their aphid hosts continue to live and develop while the parasitoid larva is growing (Godfray 1993) . Thus, signiÞcant changes to aphid longevity could be extremely detrimental to parasitoid development, even if the aphid is an otherwise acceptable host while on the resistant plant (e.g., there are no plant toxins or defensive compounds present in the aphidÕs body that could simultaneously harm the immature parasitoid; Ode 2006).
In the third experiment, adult parasitoids were never exposed to resistant plants and aphid hosts were reared on susceptible plants, but still no mummies formed when aphids stung in arenas were transferred to resistant plants and allowed to develop. This is in direct contrast to the multiple mummies that successfully developed when stung aphids were allowed to develop on susceptible plants. The most obvious explanation for this difference is the timing of events; by the time the Þrst mummy appeared on a susceptible plant, all the aphids placed on resistant plants had died. In our previous experiment a relatively small number of mummies did develop on resistant plants, and in the Þeld B. communis mummies have also been found in smaller numbers on resistant plants (Chacó n et al. 2012) . Differences among experiments could be caused by variations in parasitoid development times or aphid longevity, which may both be inßuenced by a number of biotic and abiotic factors (e.g., Campbell et al. 1974 , Harvey 2005 .
A primary goal of IPM programs is to use multiple management tactics, such as host plant resistance and biological control, to successfully limit pest populations and prevent plant damage. At the moment it appears that multiple pest management techniques will be necessary when Rag1 soybeans are used for the management of soybean aphids. Even though plants with the Rag1 gene greatly reduce the number of soybean aphids present, resistant plants can continue to potentially harbor moderate levels of aphids that are capable of reducing yield (Wiarda et al. 2012 ) and aphid biotypes with the ability to overcome Rag1 resistance have been identiÞed (Kim et al. 2008; Hill et al. 2010 Hill et al. , 2012 Michel et al. 2011) . Several studies have recently investigated how these Rag1 plants may interact with soybean aphid parasitoids (Ghising et al. 2012 , Chacó n et al. 2012 or predators (Lundgren et al. 2009 , Thurn 2010 , but it can be difÞcult to use small-scale studies to produce generalities, especially when trying to account for potential differences in the system that are found across time (Rhainds et al. 2010) and space (Gardiner et al. 2009 , Noma et al. 2010 . However, understanding the mechanistic basis underlying tritrophic interactions in this system may enhance our ability to use biological control and host plant resistance more effectively for soybean aphid management.
